The growth dynamics of extraradical mycelium and spore formation of 14 "Rhizophagus" isolates from different sites in Argentina were evaluated under monoxenic conditions. A modified Gompertz model was used to characterize the development of mycelium and spores for each isolate under the same conditions. The lag time, maximal growth rate and total quantity of both extraradical hyphae and spores were determined. Wide variability among isolates was detected, and all growth parameters were significantly altered by fungal isolate. Discriminant analysis differentiated isolates primarily based on the extent of extraradical hyphae produced, yet such differences did not conclusively correspond to phylogenetic relationships among closely related isolates based on partial SSU sequences. Given that the "Rhizophagus" isolates were grown under controlled conditions for many generations, the expression of phenotypic variability could be attributed to genetic differences that are not completely resolved by phylogenetic analysis employing the small ribosomal gene.
different geographic populations under monoxenic conditions. In addition, the link between these phenotypic characters and the molecular phylogeny based on the ribosomal small subunit gene was investigated with discriminate analysis.
Characterizing fungal development under environmentally controlled conditions may help resolve taxonomic difficulties within this important and cosmopolitan Rhizophagus group.
MATERIALS AND METHODS
Biological material.-Isolation of AM fungi. We isolated AM fungi from different geographic habitats of Argentina, using mycorrhizal roots from trap plants as initial inoculum for the establishment of monoxenic cultures. Bulk soil samples (approx. 200 g) were randomly collected (to a depth of 20 cm) from different environments (TABLE I) . Trap cultures consisted of pots (1000 mL) with field soil as AM fungal inoculum (100 g per trap plant) mixed with an autoclaved substrate (100 C for 1 h, three consecutive days) composed of perlite: vermiculite: soil (1:1:1, v/v/v) (pH 7.1; total C 12.08 and N 1.1 (g kg −1
); P 34.2 mg kg −1 ; K 0.9, Ca 7.5, Mg 1.7 and Na 0.2 [cmol kg
−1 ]). Several pregerminated seeds of Solanum lycopersicum, Solanum melongena and Pisum sativum were planted in each pot. Plants were grown in a greenhouse 6 mo with natural light and ambient temperature, watered when necessary and fertilized every 15 d with 20 mL nutritive solution (Hewitt 1952) . After 6 mo, root samples from each trap plant were cleared in KOH (10% w/v 15 min, 90 C) and stained with trypan blue in lactic acid (0.02 % 10 min, 90 C) to observe AM root colonization.
Establishment of monoxenic culture. Mycorrhizal root samples from trap plants were surfacesterilized, cut into pieces and each root piece was incubated in drops of Gel-Gro® medium, as described in Silvani et al. (2008) . Each root piece with hyphal regrowth of AM fungi in the absence of other contaminant microorganisms was placed in the vicinity of a Ri T-DNA-transformed carrot root growing on minimum medium (MM) (Bécard and Fortin 1988) and incubated in an inverted position at 25 C in the dark. Monoxenic cultures were monitored weekly under a binocular microscope for the development of ERM and spore production. New monoxenic cultures were initiated by transferring a single spore to a transformed carrot root culture to ensure that only one isolate was present. These single-spore cultures
were propagated for at least six generations under identical conditions, as suggested by Koch et al. (2004) , and used for all subsequent work reported here. Each AM isolate in monoxenic culture was characterized morphologically from spores and by molecular technique. Permanent slides were deposited as voucher material at the Banco de Glomeromycota in Vitro (BGIV, Buenos Aires, Argentina).
Molecular characterization of AM fungal isolates.
For fungal DNA extraction, a bicompartmentalized culture system was used to obtain pure AM fungal propagules (St Arnaud et al. 1996) . Spores and external mycelia were recovered from the root-free compartment through dissolution of the growth medium with sodium citrate buffer and washed with sterile distilled water (Cranenbrouck et al. 2005) .
A cluster of spores and mycelium of each isolate was crushed in 40 μL sterile Tris-EDTA buffer 10 mM (pH 8.0) with a pipette tip and 10 μL Chelex® 100 Resin (BioRad, California) 20% (w/v) was added to the solution. The mixture was incubated (95 C, 10 min), immersed in ice (2 min) and centrifuged (11 000 rpm, 5 min); supernatants were transferred to sterile tubes and stored at −18 C until use as template. The partial SSU nrDNA was amplified using AM1 and NS31 primers (Simon et al. 1992 , Helgason et al. 1998 ).
Reactions were performed in a final volume of 25 μL containing 5 μL DNA extracts, 0. Silvani et al. (2008) also were included in the analyses. Each experimental unit consisted of a 9 cm Petri plate with two 5 cm long transformed roots from a 2 wk old root culture growing in MM and inoculated with a 1 cm 3 plug of culture medium from a 6 mo old monoxenic culture. The frequency (%F) and intensity (I%) of mycorrhizal colonization was measured at the end of the experiment (Declerck et al. 2004 ). To accomplish this, transformed carrot roots were removed and cleared and stained as described above. Fifty randomly selected root pieces were mounted on microscope slides in groups of 10 and examined with a Nikon binocular microscope at 100× magnification. 
RESULTS

Monoxenic cultures of AM fungal isolates.-Fourteen AM fungal isolates from different
regions in Argentina were obtained in monoxenic culture from a single spore (TABLE I) .
Spore characters of all isolates were consistent with the morphological descriptions of species within the genus Rhizophagus (phylogenetic group Glomus Group Ab).
Glomoid spores formed in loose clusters in roots and soil, with a three-layered wall composed of two sloughing, hyaline outer layers and an innermost laminated, yellow (FIG.1) .
A cluster was composed of GX3, GX7, GA2, GA5, GC3, GA11, GB1, GC2, (FIG. 2) . In general, all isolates followed a typical sigmoid curve for the development of both ERM and spores, and three main phases could be distinguished: lag, exponential and stationary.
Microscopic observations revealed that spore germination and hyphal regrowth from ERM and internal mycelia from mycorrhizal root fragments took place during the lag phase. Therefore, hyphal extension gave rise to the ERM network, which rapidly increased during the exponential phase until reaching the maximal slope of the growth curve. (TABLE II) .
The lag phase of ERM development (λ ERM ) differed significantly among isolates (TABLE II) . The λ ERM periods varied approximately 1-5 wk, with most isolates 2-3 wk.
The GA11 and GC2 isolates had the shortest λ ERM (approx. 1 wk), whereas GA10, GA3, GX3, GB2 and GC3 had the longest λ ERM (approx. 5 wk). GA2 started to develop the ERM exponentially approximately on the second week, GX7, GC1 and GC4 between the second and third week, whereas the rest of the isolates began this phase between the third and fourth week (GA5, GX10, GB1).
The lag phase for sporulation (λ SPORES ) varied significantly also among isolates (TABLE II) . The λ SPORES ranged between three and 11 weeks, with most isolates ranging between the fourth and seventh week. GC1, GB1 and GX7 started to produce spores exponentially earlier from approximately the third week of monoxenic culture. In contrast, GA3 and showed a longer λ SPORES . Spores of GA11, GX10, GC2 and GC3
began to be produced exponentially on the fourth week, GA2 and GC4 during the fifth, GA5, GB2, GA10 between the sixth and seventh week and GX3 in the eighth week.
The sporulation continued until reaching maximum production in the stationary phase.
The duration of the exponential phase for both growth curves varied among isolates, 4-12 wk. After that period, the slope of the curves decreased until the stationary phase was reached. GC4 produced both AM fungal structures exponentially for approximately 4 wk, GA11, GB1, GB2 and GC1 approximately 6 wk and GX3, GX7 and GA10 8 wk. GC2 showed the largest exponential phase (approx. 10 wk). The exponential formation of ERM network of GC3 lasted 8 wk, while the exponential production of spores occurred up to 12 wk. The exponential ERM growth phase of GA2 lasted 8 wk, that of GA3 and GX10 6 wk and that of GA5 10 wk. GX10, GA2 and GA5
produced spores for 8 wk in their exponential phase.
The sporulation of some isolates (GA2, GA3, GA5, GA10, GA11, GX7, GX10, GB2, GC1, GC2, GC4) was delayed with respect to the growth of ERM (λ SPORES values were significantly longer than those of λ ERM ). GC1 and GA10 started to produce spores exponentially approximately 1 wk later than ERM, GX7, GX10 and GB2 approximately 2 wk, GA5, GA11 and GC2 approximately 3 wk and GA2, GA3, GC4 and GX3 approximately 4 wk. In contrast, GX3 and GC3 synchronously developed both extraradical structures (the λ ERM values were not significantly different from the λ SPORES values).
The maximum growth of ERM (μ m ERM ) varied significantly among isolates and ranged from a mean of 143.3-784.6 cm/wk (TABLE II) . The ERM network of GA10 and GA3 spread slowly throughout the entire Petri plate, but both AM fungal isolates did not differ significantly from GA11, GX7, GX10 and GC1. The latter four isolates together with GA5, GC4, GB2 and GX3 reached μ m ERM values of 216-544 cm/wk. The highest value of μ m ERM was recorded for GC3, GA2, GB1 and GC2.
The maximum production rate of spores (μ m SPORES ) also differed among isolates, 67-436 spores/wk (TABLE II) . GB2 and GX7 isolates had the lowest rates of spore production but did not statistically differ from the GC2, GA10, GA3, GX10 and GC4
isolate. In contrast, GX3 produced more spores than any other isolate. The remaining isolates had intermediate values of μ m SPORES , 147-184 spores/wk.
The AM fungal isolates produced different amounts of ERM and spores when they reached the stationary phase (FIG. 2) . The maximum production of ERM (A ERM ) differed among isolates and ranged from an average of 821 cm to 5777 cm (TABLE II) .
The isolates that produced the highest values of A ERM were GC2, GC3, GA5 and GA2.
The extraradical mycelial network of these isolate was composed mainly of numerous runner hyphae (RH) and hyphal branches (HB). Some differences in the pattern of hyphal ramifications were observed among isolates. GC3 produced the highest amount of branched absorbing structures (BAS) (Bago et al 1998b) , while GC2 developed a large number of short HB, but few of the highly ramifying BAS. GA5 and GA2 formed more BAS than short HB at 20 wk. GA10 produced the lowest amount of ERM with few RH and HB, although the A ERM value was not statistically different from GA3, GC4, GC1, GX10 and GA11 isolates. The remaining isolates (GB1, GX3, GB2, GX7) reached intermediate A ERM mean values, but GX3 and GX7 developed more numerous RH than GB1 and GB2.
There were significant differences in the maximum production of spores (A SPORES ) among isolates at the stationary phase (TABLE II) . The A SPORES parameter varied, 273-1848 spores produced per dish. GA3, GC4 and GB2 produced the least number of total spores and GC3 and GX3 produced the greatest number of spores. The remaining isolates had intermediate values of A SPORES .
The frequency (%F) and intensity (%I) of root colonization differed among isolates in monoxenic culture (TABLE II) . Roots colonized by GA10 isolate had the lowest %F, while GX10 had the highest. Other isolates had intermediate frequencies of
colonization. The %I of intraradical colonization at harvest was lower in GA3 than all other isolates.
Results from the discriminant analysis showed that some isolates could be distinguished from others, although many isolates overlapped (FIG.3) . In the canonical axis 1, the A ERM contributed the most in separating the isolates, while all growth parameters of sporulation curves (λ SPORES , μ m SPORES and A SPORES ) had similar weight contributing to the canonical axis 2 (data not shown). GC2, GC3, GB2 and GA3 isolates were clearly separated from the other isolates, whereas there was less clear separation among the remaining isolates. GA2, GA5 and GX7 clustered together, while other clustering was found for GA10, GA11, GB1, GC1, GX10, GX3 and GC4 (FIG. 6) .
However within the last group, GC4 isolate was separated along the second axis.
The differences between some isolates and the clustering among other isolates within the ordination space did not correspond well to either the geographic locations where the fungi were isolated or to the phylogenetic relationship of the isolates. For example, GC2 was closely related to GA10 based on phylogenetic analysis (FIG. 1) , but these two isolates were on opposite extremes of axis 1 based on ERM growth characters (FIG. 3) .
DISCUSSION
In the present study we describe new insights into the growth dynamics of geographically different AM fungal isolates belonging to the "Rhizophagus clade". A similar approach to model sporulation dynamics using the modified Gompertz function was applied in three Glomeraceae species grown under monoxenic conditions (Declerck et al. 2001 ) and a Gigasporaceae species (Declerck et al. 2004 (Bago et al. 1998a , Declerck et al. 2001 ), all
Rhizophagus isolates followed a sigmoid growth curve with the three distinguishable phases (lag, exponential, stationary).
Little is known about the extent of the lag phase that occurs during the early stages of the AM fungal life cycle. Our results show that the Rhizophagus isolates varied in lag phase periods in mycelia growth and sporulation. These data suggest that variations in the lag phase are related to different propagule germination rates, presymbiotic mycelial extension and formation of primary infection units in roots of each Rhizophagus isolate. It has been documented that Diversisporales species initiate in vitro sporulation after reaching a critical ERM biomass (Diop et al. 1992 , Declerck et al. 2004 , Fernández Bidondo et al. 2012 ). However, this was not observed for all isolates tested here. For example, GX3 and GC3 did not require long periods or a maximal biomass of ERM to initiate sporulation but produced spores and developed ERM simultaneously. This developmental trait suggests an adaptive value for these AM fungal isolates to grow and rapidly reproduce in a particular set of conditions.
Studies have shown variations in ERM length and spore number between and within AM fungal species under different experimental protocols Reader 2002, 2005; Koch et al. 2004; Munkvold et al. 2004; Avio et al. 2006) . We documented that AM fungal isolates belonging to "Rhizophagus clade" also differed in their maximal growth rate and amount of extraradical structures reached at the stationary phase under monoxenic conditions. These phenotypic variations among phylogenetically closely related isolates could reflect several life-history traits and might have a significant impact on host root and soil colonization. The ability of certain Rhizophagus isolates to rapidly produce an extensive hyphal network into the growth substrate might provide a competitive advantage over other isolates with limited mycelial growth by increasing the absorptive area for nutrient acquisition, colonizing new roots and translocating nutrients to host plants. The capacity of certain AM fungal isolates to produce abundant extraradical propagules likely leads to an increase in inoculum potential and colonization of new host roots. In Declerck et al. (1996) spore production of Glomus versiforme in monoxenic culture was strongly correlated with the internal colonization of transformed carrot roots. In the present study we found that differences in the rapidity and total production of ERM and spores were not related to the extent of carrot root colonization by the different Rhizophagus isolates (correlation coefficients below 0.2, data not shown).
Despite high overall diversity in the growth patterns among the isolates examined here, it was possible to distinguish certain phenotypic groups. These groups could be differentiated as either fast or slow colonizers or those with an intermediate pattern of growth. A high growth rate and ability to produce a large amount of ERM (e.g. GC2), a large quantity of spores (e.g. GX3) or both (e.g. GC3) could be discerned from those isolates characterized by a longer lag phase, a slow growth and a limited production of ERM and spores (e.g. GA3, GB2 or GA10). Other isolates such as GA11, GC1 and GX10 showed intermediate patterns between these extremes.
Comparing the phenotypes of isolates based on growth patterns to the phylogenetic analysis produced mixed results. In one case, the phylogenetic clade that clustered with the R. irregularis AFTOL-ID 845 isolate that included GA2, GA5, GX3, GX7 and GC3 isolates matched the phenotypic classification based on discriminant analysis of growth parameters. However, other phylogenetically closely related isolates (GC2, GA10) displayed the most divergent pattern of ERM development observed here.
Our findings are consistent with Munkvold et al. (2004) 
